The finding of nonlinear nanometric-sized probes is of key importance for the development of nonlinear microscopy in physical as well as biological sciences. We isolate nonlinear KTiOPO4 nanocrystals and study them by second-harmonic generation microscopy (SHGM) and atomic force microscopy (AFM) independently. With both polarization analysis and defocused imaging of the emitted second harmonic field, we extract the Euler angles of the crystalline axes of a single nanocrystal. A balanced coherent optical homodyne detection shows the coherent nature of the nanocrystal nonlinear emission and allows a phase measurement of the emitted second-harmonic field. These features make the KTiOPO4 nanocrystal a good candidate for a vectorial probe of electromagnetic near fields.
Investigation of KTiOPO 4 nanocrystals by means of second-harmonic light emission
The finding of nonlinear nanometric-sized probes is of key importance for the development of nonlinear microscopy in physical as well as biological sciences. We isolate nonlinear KTiOPO4 nanocrystals and study them by second-harmonic generation microscopy (SHGM) and atomic force microscopy (AFM) independently. With both polarization analysis and defocused imaging of the emitted second harmonic field, we extract the Euler angles of the crystalline axes of a single nanocrystal. A balanced coherent optical homodyne detection shows the coherent nature of the nanocrystal nonlinear emission and allows a phase measurement of the emitted second-harmonic field. These features make the KTiOPO4 nanocrystal a good candidate for a vectorial probe of electromagnetic near fields. OCIS codes: 190.3970, 170.5810, 160.4330.
Nonlinear multiphoton microscopies are powerful and versatile methods to study physical surfaces [1] , molecular monolayers [2, 3] , and biological membranes [4, 5] . In this context, the studies of single nanoobjects, either resulting from crystalline growth [6−9] or artificially designed with focused ion beams such as a nonlinear antenna [10] , have recently been reported. Nonlinear emissions then serve to reveal the symmetry of the nanoobject [11] and the order of underlying light-matter interactions [10] . Standard nano-emitters such as ensemble of ordered asymmetric molecules, quantum dots or metallic beads, show interesting nonlinear properties, which have already been applied to biology [4, 12] , but they are not ideal in every respect. Under intense illuminating light, molecular systems photobleach [13] , quantum dots can be photostable but strongly blink, and metallic nanospheres have a response which is highly dependent on the exact shape of the nanoparticle surface [14] . Other possible candidates are ZnO [8] or GaAs [9] cylindrical nanowires. However, in the reported studies, while they have nanometric transverse sections, they exhibit micrometric length along their c-axis. Therefore, there is a strong incentive to find new nanometric-sized nonlinear nano-objects, which emit a stable blinking-free optical field under intense focused laser beams. Here we investigate the properties of single KTiOPO 4 nanocrystals in second-harmonic generation microscopy (SHGM). Using polarization analysis and defocused imaging of the second-harmonic emitted field, the Euler angles of the crystalline axes of a nanocrystal are measured. Furthermore, we have added a balanced coherent homodyne detection to the second-harmonic microscope, which proves the coherent nature of the interaction and allows us to detect isolated nano-objects with high signal-to-noise ratio and phase sensitivity.
Potassium titanyl phosphate (KTiOPO 4 , KTP) is well known to constitute an excellent crystal for nonlinear optics and is used to design frequency doublers or converters. This electric polar crystal in the noncentrosymmetric Pna2 1 space group shows large nonlinear coefficients, of the order of 17 pm/V, when excited in the near infrared [15] . Large monocrystals can be grown by flux methods around 900
• C [16] . In order to obtain nanometric-sized crystals of KTP, we get the powder which remains in the trough at the end of the flux process of a large crystal. The KTP powder is provided by D. Lupinski and Ph. Villeval with Crystal Laser S. A., Nancy, France. Then the KTP powder is diluted in isopropanol and mixed with polyvynilpyrolidone (PVP). A centrifugation method [17] is applied to obtain a colloidal solution with nanoparticles of average size 150 nm, but containing also much smaller ones as shown below.
Since we are interested in studying well-isolated nanocrystals, samples are prepared to enable finding out the same single nano-object under an atomic force microscope (AFM) and a home-made SHGM (described in Fig. 1 ). The colloidal solution is spin-coated on a glass cover slip, which was previously cleaned with oxygen plasma, and results in a uniform 100-nm thin polymer coating embedding nanocrystals. By using the technique of reactive ion etching, we remove the covering polymer while letting the nano KTPs rest on the cover slip, which makes it possible to observe the profiles of the nanocrystals by AFM scan.
To reveal the presence of nonlinear emitters, a SHGM scan is performed. Laser pulses of 100 fs emitted by a mode-locked Ti:sapphire laser at 86-MHz repetition rate are tightly focused on the sample with a high numerical aperture (NA = 1.4), 100× microscope objective leading to an ∼ 350 nm full-width at half-maximum (FWHM) diameter focal spot. We choose the excitation wavelength at 986 nm so that the light-matter interaction is highly non-resonant both at this fundamental and the corresponding 493 nm second-harmonic wavelengths, where KTP is still highly transparent. The sample is mounted on an x-y translation stage which allows a raster scan with ∼ 30 nm resolution. Whenever a KTP nanocrystal generates second-harmonic photons, they are collected back through the same objective and transmitted through a dichroic mirror and an additional second-harmonic generation (SHG) filter centered at (500 ± 20) nm, which efficiently cut the reflected fundamental beam. Finally the SHG photons are detected by avalanche photodiodes in photon counting regime. Scanning the sample, for instance the area of Fig. 2(b) , a SHG image is obtained. Nearly all these emitters can also be found unambiguously in the AFM image (see white circles in Fig. 2(a) ), which gives the height of the nanocrystals. This height is taken as a measurement of the nanocrystal size. Since it is still possible that some polymer is left under a nanocrystal after the etching process, the measured size is an overestimation of the actual size. We also note that a lot of nano-objects observed in the AFM image actually do not emit. They are mostly polymer residue. Figures 2(c) and (d) show the AFM and SHG close scans of nano KTP #1 respectively. The zoom of the AFM image shown in Fig. 2(c) reveals a single nanocrystal with a 60-nm height and nanometric sizes in transverse dimensions. We note that the transverse size is certainly over-estimated, due to convolution of the nanocrystal shape with the AFM tip and to residual polymer that might have stuck to the nano-KTP sides. The corresponding zoom on the SHG image in Fig. 2(d) gives a diffraction limited spot with FWHM about 350 nm, as expected for an emitter size well below the diffraction limit. The number of emitted photons at the center of the spot is large, about 3.5 × 10 3 photons per second for an incident power of 15 mW, and a signalto-background ratio of 120 is measured.
Before analyzing experimentally the SHG emission from a single nonlinear emitter, we discuss it from a theoretical point of view. While an exact approach is possible [18] , we choose to refer to a simplified model [11] . We assume that the use of 2nd-order susceptibility tensor χ (2) of the bulk material is also valid at the nanoparticle level. It appears to be sufficient to explain the main features of our experimental results. If the tensor of the nanocrystal in its crystallographic axes is noted χ I,J,K cos(i, I) cos(j, J) cos(k, K). For an incident electric field − → E (ω) , the ith component of the secondharmonic generated dipole is
This resulting nonlinear dipole − → P (2ω) radiates a second-harmonic field. In a given propagation direction − → k , the far-field emission reads [19] − → E
Finally the intensity radiation diagram, I
, where i = x, y, is measured directly as a function of − → k , or detected by focusing the emitted light on a detector leading to a signal proportional to
where Ω is the detection solid angle. An advantage of the emission of nanocrystals much smaller than the wavelength with respect to macroscopic nonlinear crystals, is the near absence of phase shift between the second harmonic fields generated by different parts of the nanoparticle, leading to a constructive interference. Therefore phase-matching is avoided and any wavelength can be used to excite the nanocrystal. Another salient feature of the SHG of a nanocrystal as compared to other nanometric probes is the instrinsic sensitivity not only to the excitation power, but to the vectorial nature of the exciting field since KTP tensor χ (2) ijk includes 5 different non-null coefficients. Figure 3 shows the experimental analysis for 4 nano KTPs. Since from Eq. (1) the SHG field is expected to be highly polarized, we decompose the SHG field on its x and y components with a polarizing beam splitter (PBS) cube and two avalanche photodiodes in photon counting regime. In order to further probe the nature of the dipolar emission as well as the symmetry of the crystal, the linearly polarized excitation field is rotated with a half-wave plate in the path of the incident beam (shown in Fig. 1 ). The resulting polar graphs displayed in Fig. 3 are typical dipolar emission patterns. Together with the knowledge of the whole set of nonlinear coefficients of KTP [15] and Eq. (1), it allows to infer the projection of the radiating SHG dipole − → P (2ω) on the (x, y) plane of the sample, as well as the projection of the nanocrystal c-axis on this plane, i.e. Euler angle ϕ.
The polarization analysis technique has however a low sensitivity to any dipole component along the symmetry axis of the microscope, i.e., the z-axis. To retrieve the orientation of the dipole in three-dimension, we use the recently developed defocused imaging technique [20, 21] , here generalized to the nonlinear case [22] . It is based on imaging the radiation pattern of the emitter onto a sensitive charge-coupled device (CCD) camera by positioning the camera slightly out of the focal plane of the tube lens. The image is then the product of a defocused Airy function and the radiation pattern of the dipole. In particular, this image is able to reveal any z -component in the emitting dipole. A specific feature of nonlinear defocused imaging is a non-uniform rotation of the defocused image as a function of the rotation of the linearly polarized excitation field. This feature is clearly expected from Eq. (1) since − → P (2ω) orientation strongly depends on − → E (ω) . It is then possible to extract the full set of Euler angles of the nanocrystals with high accuracy [22] . Figure 3 shows the defocused images for an incident excitation field polarized along x and the deduced three-dimensional orientations for all the four nonlinear emitters.
Finally, we test the coherent nature of the nonlinear emission of KTP nanocrystal using an interferometric detection method. A coherent detection of SHG has a few advantages such as SHG detection on a dark background, since incoherent emission from two-photon fluorescence would lead to no signal for instance, and SHG phase sensitivity, which is related to the absolute orientation of a nonlinear nanocrystal. The SHG field is associated with an electric field
obj is the phase shift of the SHG field emitted by the nanocrystal as compared to the one of the incident fundamental field E (ω) in . For a nonlinear crystal, the SHG field is
obj reflects the phase of the nonlinear susceptibility χ (2) which depends on the absolute orientation of the nonlinear response in respect to the crystal axis. Therefore determination of φ (2ω) obj allows to infer the absolute orientation of the nonlinear crystal. In practice, the coherent phase measurement (shown at bottom-right part in Fig. 1) , is realized by a balanced homodyne coherent detection [23] where the emitted SHG field of a nanocrystal is mixed with an intense SHG coherent reference field or local oscillator with a nonpolarizing beam splitter (BS) cube. Each beam, signal and local oscillator, follows one path of a Mach-Zehnder interferometer. The lengths of the two arms of the interferometer are equalized, and chromatic dispersion is compensated with glass plates (not shown). Detecting and substracting the two output ports of the cube allows to extract only the optical interference term between the local oscillator and the small SHG field. Then, if the optical length of one path is modulated with a mirror mounted on a piezoelectric transducer (PZT), interference fringes are observed (inset in Fig. 1 ). This is a direct proof of the coherent nature of the nanocrystal nonlinear emission. The absolute orientation of a nanocrystal could then be determined, which provided one having a reference SHG active object with a known absolute orientation.
In summary, we have investigated the SHG properties of well-isolated nanometric sized KTP crystals and measured their sizes by AFM. In particular, the threedimensional orientation of these nanocrystals has been retrieved. We have shown the interferometric detection of SHG from these nanocrystals, which proves the coherent nature of the emission and paves the way to absolute orientation detection of an asymmetric SHG nanoemitter. A direct chemical synthesis of large density of nanocrystals with controlled monodisperse size distribution is also under way for potential physical or biological applications. We think that nano KTP adds new features to the toolbox of nonlinear microscopy, and the method presented here can be applied to other nonlinear nanoemitter candidates.
